heart. The present study examines mechanisms which are brought into play when, during a period of constant cardiac function, coronary flow rates are suddenly increased or decreased by the imposition of sudden changes in coronary perfusion pressure. A pressure-independent autoregulatory mechanism was observed. The transient characteristics of this mechanism, the pressure range over which it operates, the effects of alterations in cardiac function, and the instantaneous pressure-flow relationships at various levels of coronary vascular tone were examined and are the subject of the present report. These studies have been reported previously in preliminary form. 13 ' 14
• The relative importance of the several determinants of coronary blood flow remains an area of controversy. It is generally agreed that coronary flow results from the interplay of coronary perfusion pressure, ventricular contraction, and coronary vascular tone. But die extent to which each of these factors regulates flow and die extent to which their influence is modified by regulatory mechanisms has not been determined.
Some investigators have supported the view that the hydraulic relationship between the mechanical forces of aortic pressure and ventricular contraction regulates coronary flow; 1 ' 4 others have suggested that while these physical forces determine the metabolic needs of the heart, the regulation of coronary flow to meet these needs is effected by variations in coronary vasomotor tone. 5 ' 9 If this latter hypothesis is correct, it should be possible to vary coronary perfusion pressure while cardiac function is held constant and observe no change in coronary flow. Conversely, it should be possible to change cardiac effort and observe a directionally similar alteration in coronary blood flow while coronary perfusion pressure remains constant.
Although it has been shown that active changes in the tone of the coronary blood vessels can occur in response to alterations in perfusion pressure, 1012 this response has not been characterized quantitatively in the in situ Schematic representation of extracorporeal circuit employed for study of autoregulation of coronary blood flow. Perfusion of coronary artery was carried out either from left femoral artery (line A), or from arterial reservoir bottle. The bottle was filled intermittently from right femoral artery (line B). Perfusion pressure was measured proximal to coronary cannula.
Whenever the coronary artery was perfused from the reservoir, precisely matched bleeding from the femoral vein maintained the animal's blood volume constant.
Blood loss during the experiment was replaced with donor blood and with 6% dextran solution. The quantity of dextran solution administered never exceeded 10% of the total pool of blood and had a negligible effect on hematocrit. During any run, hematocrit levels drawn from the perfusion circuit did not vary more than 4%. In two experiments, digitalis preparations ° were administered because of signs of cardiac failure. The° Digoxin (expt. 21) and Cedalanid-D (expt. 22), 0.06 mg/kg. results of these experiments did not differ from the others.
Countercurrent heat exchangers in the arterial line were regulated from a thermistor probe placed in the perfusion line near the coronary cannula. A thermistor in the vena cava regulated heating pads beneath the animal. A heat exchanger was also employed in the line to the venous reservoir.
The compliance and resistance of this perfusion circuit were measured. A pressure step of 100 mm Hg applied to the circuit with the cannula occluded resulted in negligible flow; blood flow of 100 ml/min produced a pressure drop of less than 5 mm Hg between the reservoir and coronary cannula.
Four parameters were continuously recorded on a multi-channel photographic oscillograph.* Coronary flow was measured with a Shipley-Wilson rotameter, 13 either directly or through a damping circuit with a filter-time constant of 0.5 sec. Coronary perfusion pressure was obtained through a side arm of the perfusion cannula; aortic pressure through a catheter inserted into the aorticarch by way of the left carotid artery and left ventricular pressure through a catheter passed by way of a segmental pulmonary vein. All pressures were measured with Statham pressure transducers.
The ventricular pressure signal was fed to an integrating circuit which was balanced to accumulate voltage only during systole. An external switch driven by a synchronous motor discharged the integrator every 10 sec. This technique provided a simple, convenient method of continuously computing the total pressure generated by ventricular contraction over 10-sec intervals, and will be referred to as the ventricular pressure integral (VPI). In the absence of significant variations in ventricular volume, VPI is a function of the tension developed by the shortening of myocardial fibers, and is thus an index of the level of myocardial performance. It is similar to the "tension-time index" of Sarnoff et al. 10 and the "cardiac effort index" of Gerola et al. 17 t In the present study, the VPI was used as one measure of the constancy of cardiac performance.
Because a relatively steady cardiovascular state during the course of each experimental run was essential, several different anesthetic systems were assayed and employed in the experiments. The * Electronics for Medicine, White Plains, New York. t In addition, however, the VPI eliminates the sustained diastolic pressure in the aorta as well as the passively developed diastolic pressure in the left ventricle. It also takes into account the time course of development of ventricular pressure and irregularities of heart rhythm. anesthetics employed were: sodium pentobarbital (30 mg/kg), (expt. 1-3); morphine-Dial-urethane-pentobarbital, (expt. 5, 10); halothane (0.5 to 1.02) and nitrous oxide (60%) and oxygen (40%), (expt. 6-9); nitrous oxide (60%) and oxygen (40%) and succinylcholine (0.05 mg/kg/ min), (expt. 4, 11); nitrous oxide (60%) and oxygen (40%) and succinylcholine (0.05 mg/kg/ min) and morphine sulfate, (expt. 12-14). A steady cardiovascular state could be obtained for varying periods with each of these techniques. Periodic administration of barbiturates and urethane produced an undulating anesthetic level. The inhalation agents provided a more stable anesthetic state; however, halothane (0.5 to 1%) sufficiently depressed myocardial reserve to prohibit elevation of ventricular function by aortic constriction or transfusion. With nitrous oxide and oxygen and succinylcholine, tachycardia and arrhythmias were frequent; this problem was largely circumvented by the addition of morphine and this combination of agents provided the most stable as well as the most reactive experimental preparations.
STEADY STATE PRESSURE FLOW CURVES
Two experimental protocols were employed. In the first the arterial reservoir was pressurized to a given level while the coronary artery was perfused from the femoral arterial line. By changing the position of the stopcock, perfusion was rapidly changed to the reservoir. The change in coronary flow in response to the alteration in perfusion pressure was recorded until stabilization had occurred (from 30 seconds to 2 minutes), and perfusion via the femoral artery was then re-established. After coronary flow had again stabilized at the control level, the cycle was repeated with a different pressure in the reservoir. Following perfusion at low pressure levels, reactive hyperemia necessitated perfusion at arterial pressure for periods of 3 to 5 minutes to regain control flow levels. The response of coronary flow to sudden changes in perfusion pressure for a series of pressure steps from 0 to 300 mm Hg were studied in this manner. With the second protocol, the coronary bed was perfused continuously from the reservoir during an entire run; pressure levels within the reservoir were changed, following stabilization of flow, by temporarily occluding the compressed air line between the manometer and the auxiliary buffer bottle. This method permitted any pattern of sequential variation in perfusion pressure to be employed.
In five animals, upon completion of a series of pressure steps at a constant level of cardiac function, the level of function was changed by bleeding, transfusion or aortic constriction. A series of pressure steps was then imposed at this new stable level.
INSTANTANEOUS PRESSURE-FLOW CURVES
In five animals the perfusion technique was modified to determine the pressure-flow characteristics of the vascular bed at a particular level of vascular tone and constant cardiac work, exclusive of compensatory or regulatory changes. To accomplish this, the coronary artery was perfused at a chosen pressure until flow became stable, at which time the perfusion pressure was abruptly changed to a different pressure. Flow was determined 1 to 2 sec after the pressure change, i.e., before any active compensation occurred. Perfusion pressure was then returned to the initial value and flow was allowed to restabilize at its initial value. This procedure was repeated until rapid changes from the same initial pressure to a number of other pressures had been made. The reference pressure was then changed to a new level, and a new series was recorded. During this part of the experiment, the rotameter signal was recorded without electrical damping.
In two experiments, in order to test the degree of coronary dilatation during perfusion at low pressures, 325 Mg of nitroglycerin were rapidly injected into the coronary cannula during perfusion at 40 mm Hg. Control injections of identical amounts were also made during perfusion at approximately 100 mm Hg.
At the completion of each experiment, methylene blue was injected into the coronary cannula during perfusion. The heart was then excised, weighed, and the dyed area dissected out and weighed separately. Staining by this technique permitted coronary flow to be reported in ml/ 100 g heart musele/min in 11 experiments.
An experimental run was considered satisfactory when a sufficient number of pressure steps was obtained without obvious signs of alteration in cardiac state. Stability of cardiac state was judged on the basis of lack of variation of the VPI, aortic pressure, and heart rate. Points on runs were discarded if any of these parameters appeared to be unstable. If progressive failure, evidenced by increasing left ventricular end diastolic pressure, developed during a high work run, the run was discarded since it was observed that elevation of left ventricular diastolic pressure was accompanied by significant diminution in coronary flow at constant perfusion pressure. Although myocardial function frequently declined if perfusion pressures below 60 to 70 mm Hg were sustained, these data were not discarded since the coronary bed was considered to be fully dilated at perfusion pressures below this level, for reasons described below.
The results reported are from 14 technically satisfactory experiments out of a total series ot 22.
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Recording of coronary blood flow, coronary perfusion pressure, aortic pressure (full pulse and mean), left ventricular pressure, and ventricular pressure integral, demonstrating transient flow response to a sudden increment in coronary perfusion pressure.
Results

TRANSIENT PRESSURE-FLOW RESPONSES
The response of the coronary bed to a sudden change in perfusion pressure was similar in all experiments. A sudden change in perfusion pressure was accompanied by an initial abrupt change in flow in the same direction. Almost immediately, however, coronary flow began to return toward its former value while perfusion pressure remained at the new level. In figure 2 a recording of a sudden increase in perfusion pressure from 82 to 110 mm Hg is reproduced. In addition to the rapid return of flow toward its previous value during a period of approximately 10 sec, oscillation of flow with a period of about 15 sec was noted. The stabilized flow was very close to
-i FIGURE 3
Recording of coronary blood flow, mean aortic pressure, and mean coronary perfusion pressure, demonstrating transient flow response to a sudden decrement in perfusion pressure. the original flow despite the considerable difference in perfusion pressure.
In response to a sudden decrease in perfusion pressure (from 120 to 85 mm Hg, fig. 3 ), the same type of flow change in the opposite direction was seen, and, again, oscillations occurred.
Two exceptions to this type of transient behavior were observed. Following periods of perfusion at pressures below approximately 70 mm Hg, a sudden increase in perfusion pressure to values over 70 mm Hg caused the usual abrupt increase in coronary flow, but flow failed to return rapidly toward control values and, instead, slowly drifted downward for periods as long as five minutes before restabilizing. This type of reactive hyperemia has been described following temporary occlusion of a coronary artery. 18 ' 19 The second exception to the usual type of transient behavior was noted when perfusion pressure was changed from a pressure below 70 mm Hg to another pressure below 70 mm Hg. In this case no compensatory change in flow was noted; coronary flow passively followed perfusion pressure.
STEADY-STATE PRESSURE-FLOW CURVES
The postcompensation, stabilized flow values observed following each pressure step were Steady-state pressure-flow curve (expt. 10) obtained in a single experimental animal during constant cardiac function.
plotted against the corresponding perfusion pressures. A "steady-state" pressure-flow curve was thus obtained. A typical curve is reproduced in figure 4 and exhibits a range of pressures, from 70 to 130 mm Hg, in which coronary flow was independent of perfusion pressure. In each of the 14 experiments in which a sufficient number of pressure steps could be imposed (10 to 20) while the indices of cardiac function remained unchanged, a curve of similar shape was obtained (table 1). The average pressure at the lower end of the range over which flow was independent of pressure (A) was 70 mm Hg; the average for the upper end of this pressure range (B) was 144 mm Hg. The smallest range of pressure over which flow was independent of pressure was in experiment 5 (62 to 120 mm Hg) and the widest was in experiment 12 (70 to 225 mm Hg).
For each experiment, one-half of the difference between the highest and the lowest flows at the extremes of these pressure ranges was expressed as percentage of the average flow in that range (table 1, % A CBF A-B). The average maximum deviation of flow over these wide pressure ranges was ± 1%. In the 11 experiments in which the perfused myocardial segment was weighed, the average coronary flow at pressures between 70 and 140 mm Hg (124 points) was 64.6 ml/min/100 g, and ranged from 45.0 to 103.9 ml/min/100 g. The average absolute flow rate in all experiments at pressures between 70 and SO mm Hg was 59.8 ± 5.5 ml/min/100 g, and at pressures between 130 and 140, 72.6 ± 7.0 ml/min/100 g. At pressures lower than 60 to 70 mm Hg, coronary flow was directly related to perfusion pressure, and in five experiments in which zero flow was obtained, flow ceased at an average pressure of 23 mm Hg.
In most experiments, postcompensation stabilized flows were directly related to perfusion pressure at pressures greater than 140 mm Hg, but the pressure at which this dependence began was variable. In three dogs in which light anesthesia was employed (expt. 12-14), minimal changes in stabilized blood flow rates were observed with high perfusion pressures, ranging up to 225 mm Hg. Cor. perf. pr. = coronary perfusicn pressure. A = lowest perfusion pressure at which autoregulation was observed. B = highest perfusion pressure at which autoregulation was observed.
Avg CBF A -B = average coronary blood flow at pressures between A and B. %S CBF A -B = deviation of most widely separated flows observed between pressures A and B expressed as per cent of average flow between pressures A and B. Avg MABP (range) A -B = average and range of mean systemic arterial blood pressure between A and B. Avg H.R. (range) A -B = average and range of heart rate between A and B. %_1 VPI A -B = maximum per cent change in ventricular pressure integral between A and B.°
Weight of perfused myocardium not obtained; flows expressed in ml/min. 
EFFECT OF ALTERATION IN CARDIAC PERFORMANCE
In five experiments, alterations in cardiac function were induced. The results are summarized in table 2. In two experiments, a decrease in cardiac effort resulted in a reduction of coronary blood flow; nevertheless, flow was regulated and remained independent of perfusion pressure (fig. 6 ). In three experiments, cardiac function was increased. In each instance, coronary blood flow increased and was regulated at the higher level of flow.
INSTANTANEOUS PRESSURE-FLOW CURVES
Peak instantaneous flow changes following several pressure steps from a single initial pressure are illustrated in figures 5 and 6. Similar curves were obtained in the five experiments of this type. In figure 5 , the steady-state pressure-flow curve is shown, and instantaneous pressure flow curves from initial pressures of 45 mm Hg, 97 mm Hg, and 125 mm Hg are plotted. At higher initial pressure levels, the slope of the curves decreases and the pressure at which zero flow was observed Steady-state pressure-flow curves at a control level (solid circles) and at a decreased level of cardiac performance (open circles). The instantaneous pressureflow curve from a perfusion pressure of 40 mm Hg has been drawn through triangles-was higher. In figure 6 , the immediate flow responses to various pressure steps from 40 mm Hg are plotted. In this, as in the other four experiments, the lower portion of this curve coincided with the lower portion of the steady-state pressure-flow curves.
A rapid injection of nitroglycerin into the coronary cannula at low perfusion pressure was carried out in two experiments. In one experiment, at a perfusion pressure of 40 mm Hg, flow increased from 32 to 40 ml/min. At a pressure of 115 mm Hg, nitroglycerin increased flow from 50 to 120 ml/min. In the second experiment, injection of nitroglycerin at a perfusion pressure of 38 mm Hg increased flow from 10 to 13 ml/min. At perfusion pressure of 100 mm Hg, a similar injection caused flow to increase from 27.4 ml/min to 51 ml/min.
Discussion
Indirect evidence that coronary blood flow is not primarily pressure dependent has been reported by Alella et al., 8 who calculated that changes in coronary blood flow over a wide range of cardiac activity could be fully accounted for on the basis of changes in myocardial oxygen utilization. The steady-state pressure-flow curves obtained in the present studies demonstrate directly that in the physiologic range of arterial blood pressure, coronary perfusion pressure is not a major determinant of coronary blood flow. In addition, the transient flow responses demonstrate an active mechanism that rapidly alters the coronary vascular resistance. Although previous studies have suggested that the coronary circulation can exhibit autoregulation, 10 " 12 the completeness of the response observed in the present experiments and the wide range of pressure over which it operated were striking. The similarity of transient and steady-state autoregulatory responses in the myocardium to those recently observed in skeletal muscle'-" is also noteworthy.
Below the flat central portions of the pressure-flow curves, coronary flow was directly related to perfusion pressure. The lower inflection in the steady-state curve thus repre-sents the lowest pressure at which vasomotor mechanisms can compensate for decrements in perfusion pressure; at this point vasodilation is complete or near-complete. The shape of the lower limb of the pressure-flow curve, the absence of transient responses to pressure steps, the minimal response to nitroglycerin, and the reproducibility of this portion of the curve in various runs in a single animal and among different animals lend support to this concept of near-complete vasodilation at low perfusion pressure.
The upper limb of the steady-state pressureflow curve is more difficult to interpret. Here, again, it would appear that the inflection may represent the point at which vasoconstriction can no longer completely regulate flow in the face of increasing perfusion pressure. It is also possible that at high pressures a larger area of myocardium was perfused. It was noted that the upper limb exhibited considerable variability from animal to animal, was influenced by the anesthetic agent, and could not be readily reproduced in the same animal.
The mechanism of autoregulation is unclear at present. The myogenic response of vascular smooth muscle to stretch offers a possible explanation, 21 although it is difficult to reconcile this mechanism with the increase in resistance and actual diminution in vessel caliber observed following pressure increases. Theories to explain this apparent paradox have recently been proposed, however. It has been postulated that stretch of an elastic element that is coupled in series to the muscle element may result in contraction of the muscle and an overall decrease in vessel wall circumference. 22 Others have suggested that stretch may increase the rate of contraction of individual muscle cells, thereby allowing less time for the relaxation phase. 23 Another possible explanation for autoregulation is a change in the rate of washout or in the rate of production of a vasoactive metabolite. It has been suggested that this factor may be dependent upon myocardial oxygen tension, 24 or that oxygen tension itself may be operative. 25 Although the transient flow responses described above are consistent with the operation of a feedback control system capable of sensing a flow-dependent variable, the experiments do not provide definitive information concerning the etiology of the autoregulation.
Although the present studies include only indices of cardiac performance, previous studies have demonstrated that the rate of coronary blood flow is closely related to and possibly dependent upon the rate of oxygen utilization by the myocardium. 5 ' 9 The data presented here support this concept; since after a change in cardiac function, coronary flow changed in the same direction to a new level where flow was again regulated independent of perfusion pressure. It is of interest that Stainsby has recently demonstrated in skeletal muscle that autoregulation persists when the level of blood flow is altered by changing the activity of the muscle. 20 Since the coronary bed responds to changes in perfusion pressure by rapidly altering its resistance, it is difficult to define the pressureflow characteristics of the bed at a given state of vasomotor tone. In an attempt to approach this problem, the instantaneous pressure-flow curves were derived. With the reservation that die response time of the rotameter prohibits actual measurement of "instantaneous" flow changes, these curves appear to represent adequately this relationship. Measurements of the pressure-volume characteristics of the coronary arterial tree-7 suggest that the compliance of the coronary arteries does not introduce a significant error. The decreased slopes of the instantaneous pressure-flow curves obtained from higher initial pressure values ( fig. 5 ) appear to reflect increasing resistance of the bed. In addition, flow reached zero at higher pressures as the resistance of the bed increased. These observations are in agreement with the concept of increasing critical closing pressure with increasing vasomotor tone. 28 The pressure level of 20 mm Hg at which cessation of flow into the fully dilated bed occurred is similar to the value for peripheral coronary pressure obtained in animals with negligible collateral circulation.-9 The coincidence of the instantaneous pressure-flow Circulation Research, Volume XIV, March 1904 curve obtained in the dilated bed with the lower limb of the steady-state pressure-flow curves at different work levels is apparent ( fig. 6 ). Since this instantaneous pressure-flow curve has a definite although steep slope, die lowest perfusion pressure at which regulation of flow failed was higher when cardiac effort was increased ( fig. 6 ).
These studies offer a possible explanation for some of the conflicting results concerning the regulation of coronary flow. If maximal coronary vasodilation is induced, the autoregulatory mechanism is no longer operative and mechanical factors primarily determine flow. If adequate coronary perfusion follows a period of inadequate perfusion, autoregulation of flow will become apparent only after a period of reactive hyperemia. The activity of the regulatory mechanism may also be impaired by such factors as hemolysis, 30 damage to the myocardium 10 ' ai or decreased arterial oxygen tension. These factors may play a role in the apparently close relationship between coronary perfusion pressure and flow described in some experiments.
Time-dependent properties of the control system are also of importance in considering the relation of coronary blood flow to perfusion pressure. If, for example, regulation occurred more slowly than an imposed continuous pressure change, a curve similar to the "instantaneous" pressure-flow curve would be obtained. In addition, the use of continuously changing pressure may give data which is difficult to interpret, since the tracking error of a control system may be large and appears inaccessible to analysis by conventional techniques. In the present experiments, by allowing stabilization between pressure changes, a steady-state curve nearly equivalent to that which would result from an infinitely slow rate of pressure change was obtained.
Certain limitations in the present experiments are apparent. It is recognized that the use of anesthesia, open chest techniques, an extracorporeal circuit, cannulation of the coronary artery, and the partial use of nonphasic perfusion pressures necessitates caution in extrapolation of the data to intact animals. De-spite these limitations, a sensitive autoregulatory mechanism has been demonstrated.
Summary
Control of the coronary circulation has been investigated in an experimental preparation in which coronary flow was suddenly increased or decreased by the imposition of sudden changes in coronary perfusion pressure during periods of constant cardiac performance.
The transient response to these changes in coronary perfusion pressure was an initial abrupt change in flow in the same direction, followed by a prompt return of flow toward the previous level. The response was completed in 10 to 15 sec, and was followed by a few cycles of damped oscillation having a period of 10 to 12 sec.
Steady-state pressure-flow curves demonstrated a range of perfusion pressures over which coronary blood flow was relatively independent of pressure. Below this pressure range the coronary bed appeared to be fully dilated, and the blood flow was directly dependent upon perfusion pressure.
Elevation of the level of cardiac function resulted in autoregulation of coronary flow at a higher level of flow, and decreasing the level of cardiac function resulted in regulation of coronary flow at a lower flow rate.
Instantaneous pressure-flow characteristics of the coronary bed, exclusive of compensatory influences, were also determined.
The experiments demonstrated an intrinsic mechanism that regulated blood flow to the myocardium. In the physiologic range of arterial pressure, coronary perfusion pressure did not appear to be a major determinant of coronary blood flow. Coronary flow appeared to be autoregulated at a level related to myocardial effort.
